I. INTRODUCTION
Chemical vapor deposited ͑CVD͒ diamond has become the subject of intense research activity recently mainly because of its unique combination of thermal, mechanical, and optoelectronic properties. Its semiconducting properties, such as wide band gap, high breakdown voltage, and high electron and hole mobilities are also noteworthy. The polycrystalline nature of CVD diamond is, however, the most prominent barrier against fabrication of any sort of electronic devices. Another complication is the inclusions of the graphitic and nondiamond impurities during growth. As these impurities are mostly present at the grain boundaries they modify the mobility of the carriers as they cross over the grains. Alternately nondiamond impurities present at the grain boundaries may also introduce trap states in the gap, resulting in the modification of electrical transport. Since diamond can be a potential candidate for fabricating electronic devices, which may adapt to harsh environment with ease, it is essential to study the electrical transport in the films prepared at different conditions with varying defect structure. So far very little effort has been made to study the impact of the graphitic nondiamond impurities on the electrical properties of the self supported diamond sheets. It is well known that as deposited CVD diamond films have a highly conductive layer on the surface, which can be removed by treating the layer with either acid or oxygen plasma. 1, 2 Many authors [3] [4] [5] [6] [7] have studied the influence of hydrogen on electrical conductivity of the films. It has been found that the conductivity of CVD diamond decreases several orders of magnitude by the thermal annealing and that the subsequent treatment with hydrogen plasma restores the conductivity to its initial value. 3, 4 It is widely recognized that hydrogen exhibits very complex behavior in the bulk and on the surface of many semiconductors. 8 Unlike conventional semiconductors such as Si and GaAs, the interaction of hydrogen with diamond is not well understood. The presence of impurities like boron, nitrogen, Si, etc. in the diamond lattice makes the conduction mechanism more complicated.
In this article we report on the results of very careful measurement of the bulk electrical dc conductivity of the polycrystalline diamond sheets grown in a controlled manner with wide ranging defect structure. We discuss the electrical measurements on: ͑a͒ undoped sheets with varying nondiaa͒ Author to whom correspondence should be addressed; electronic mail: nirdesh@phy.iitb.ernet.in mond content and ͑b͒ nitrogen doped diamond sheets. Results of room temperature conductivity ( 300 ) measurements, current-voltage (I -V) characteristics, and annealing effects on the above are discussed and compared in the two types of sheets. The relocation and movement of weakly bonded H atoms in the structure are attributed to the variation of 300 upon annealing.
II. EXPERIMENT
Polycrystalline diamond sheets of varying thickness were prepared using the hot filament CVD technique. Details of the apparatus are given elsewhere. 9 Single crystal ͑100͒ oriented pieces of silicon wafers ͑p type͒, scratched with diamond powder of 2 m average particle size, were used as substrates. The substrates were held on a graphite pedstel and substrate temperature (T s ) was measured using a chromelalumel thermocouple and an optical pyrometer. T s was kept constant at 890°C for all depositions. The volume concentration of CH 4 was 0.8% in balance H 2 . Several sets of diamond sheets were prepared with varying deposition pressure and methane concentration in the gas phase to check the reproducibility of the data. A set of samples was grown with nitrogen doping in the gas mixture in order to investigate the effect of nitrogen on the electrical properties of the diamond sheets. Self-supported sheets were prepared by dissolving silicon substrates, partially or completely.
Routine characterization using SEM, atomic force microscopy ͑AFM͒, XRD, and FTIR were performed prior to the electrical studies. Raman spectroscopy was carried out to estimate the nondiamond impurities in the sheets and elastic recoil detection analysis ͑ERDA͒ measurements were performed to estimate the total hydrogen concentration. 10 Raman spectra were recorded in the range 1200-1700 cm Ϫ1 with a step size of 2 cm
Ϫ1 . An Ar ϩ laser (ϭ488 nm) with 50 mW power was used for recording the spectra. Conducting layer 7 on as grown CVD diamond films often leads to problems in measuring bulk electrical conductivity. To avoid this leakage current we cut all sides of the silicon substrates after diamond growth prior to making the windows. The electrical contacts were made on both sides of the sheets with a Cr layer ͑thickness nearly 20-30 nm͒ followed by an Au layer ͑thickness 120-150 nm͒, deposited by thermal evaporation. Evaporation was done in a base vacuum of nearly 5 ϫ10 Ϫ6 mbar. Substrates were heated up to 200°C at the time of deposition to achieve intimate contact between the CrAu layer and diamond. CrAu electrodes were of circular shape of 2 mm diameter. Other relevant dimensions are mentioned in Fig. 1 which present the steps involved in the sample preparation. 300 were measured in sandwiched configuration in order to investigate the volume conductivity. In few samples the measurements were made with guarded electrodes as described in the American Society for Testing and Measurements standard No. D257. Figure 2 shows the results of I -V characteristics of a typical sample measured with and without guarded electrodes. It can be seen that the currents in two cases are nearly identical, implying that we are indeed measuring the volume conductivity of the sheets. Measurements were done on several sets of the sheets deposited with varying impurity content in the sheets. Few sheets were annealed at different temperatures in a tubular furnace with flowing Ar in order to study the annealing effects on the electrical conduction. The annealed samples were further hydrogenated in a microwave generated hydrogen plasma at 550°C and 10 Torr to restore the relocated hydrogen from the sheets due to annealing. 
III. RESULTS AND DISCUSSION
SEM and AFM studies show that the sheets grown at lower P d contain sharp faceted crystallites, whereas blunt spherical crystallites are seen in the sheets grown at higher P d . The nondiamond impurities increase in the sheets grown at higher P d , resulting in loss of sharpness of the facets. 9 XRD measurements on the sheets show the presence of single phase cubic diamond. The Raman spectra of a set of the sheets grown with different deposition parameters are shown in Fig. 3 . A sharp Raman spectra line 1332.5 cm Ϫ1 is observed in all the sheets. A broad band corresponding to the nondiamond impurities 13 also appears at 1500 cm Ϫ1 in the sheets. It is observed that the sheets grown at lower P d contain negligible nondiamond carbon, whereas the sheets grown at higher P d contain a significant amount of nondiamond carbon impurities. The color of sheets also changes progressively from white to yellowish brown as the nondiamond content increases. This is in agreement with the concentration of hydrogen H in the samples. H contents as estimated by ERDA are found to be 0.18, 0.24, 0.36, and 0.64 at % in the sheets grown at 20, 40, 60, and 80 Torr, respectively. The increase in the nondiamond impurities and H content can be understood in terms of the mean free path and recombination lifetime of atomic H in the gas phase.
A. Room temperature conductivity " 300 … Figure 4 shows the I -V characteristics of the undoped sheets grown at 20 and 40 Torr. 300 of the undoped sheets grown at lower P d (Ͻ60 Torr͒ is 10 Ϫ6 -10 Ϫ7 S. cm Ϫ1 . 300 is calculated using a low voltage linear portion of the curves. The superlinear behavior of the I -V characteristics (IϰV n , nϾ1) in the high voltage range suggests that the nature of current transport in the sheets grown at lower P d is governed by space charge limited conduction ͑SCLC͒.
14 This is confirmed further by analyzing high voltage regimes in terms of SCLC scaling law of the form: Typical I -V characteristics of the undoped sheets grown at P d of 60, 80, 100, and 120 Torr are shown in Fig. 6 . For comparison the I -V characteristics of a typical diamond sheet deposited with 2% CH 4 concentration are also shown in Fig. 6 . These curves are nearly linear and have a slope ͑n͒ nearly unity. Also 300 of the sheets grown at higher P d decreases several orders of magnitude. This is observed in all the sheets in which nondiamond impurities are present in significant concentrations. For example, the diamond sheets deposited at higher P d as well as with a higher CH 4 /H 2 ratio ͑Table I͒ show the reduction in 300 . It is seen from Raman spectroscopy that a majority of the nondiamond components in the sheets consist of graphitic impurities. EPR spectroscopy also reveals that the spin concentration increases significantly in the sheets containing a larger concentration of nondiamond carbon. The probability of positronium formation is 300% more in the sheets having higher nondiamond.
Higher concentration of nitrogen is also evident from FTIR measurements in the sheets grown at higher P d . These factors clearly indicate that as nondiamond carbon increases in the sheets electron density increases, and that along with nitrogen may be responsible for recombination of the acceptor type states present in intrinsically p type 17 as grown sheets. Deguchi et al. 18 found that in boron doped CVD diamond films nondiamond defects cause compensation of the acceptor levels. Studying electrical conductivity in detail in our sheets further strengthens this conjecture. Figure 7 shows the I -V characteristics of the sheets grown with different nitrogen flow in the gas phase. The nitrogen flow was maintained at 1.64, 2.25, 4.00, and 4.28 sccm, respectively. These characteristics are very similar to those observed in the sheets deposited at higher P d . The n values for these sheets are also nearly equal to unity. The ratio of the nondiamond carbon and diamond (I nd /I d ), assessed from Raman spectra, in the sheets grown with the highest nitrogen concentration is nearly 0.5 and is comparable with the undoped sheets grown at 80 Torr. Although the graphitic carbon ͑nondiamond carbon͒ increases with N 2 addition and that may cause the reduction in 300 , the values of 300 are even lesser than the undoped sheets grown at 120 Torr. This implies that nitrogen is also taking part positively in reducing the conductivity along with the nondiamond carbon. The compensation of p type states, present in the band gap of diamond and a-C by nitrogen donor states, has been observed by other workers 19,20 also. As shown in Table II , upon doping with N 2 , the 300 of the sheets go down by as much as 5 orders of magnitude.
B. Nitrogen doped sheets
To get an overall picture of the values of 300 of all kind of sheets we have plotted it as a function of P d in Fig. 8 . The values of n for all kinds of the samples are plotted against P d in Fig. 9 . It is well known that the surface conductivity of the as grown diamond sheets is very high 3,5,6,10,21-23 and for comparison the typical value of the surface conductivity is plotted along with the values measured on our sheets in the sandwiched configuration. It is seen that conductivity of as grown undoped sheets is 3-4 orders of magnitude less than the value of the surface conductivity. So our measurements are largely free of the surface effects and must represent bulk values. Figures 8 and 9 clearly indicate that as the values of 300 decrease with the incorporation of the impurities, the n values change dramatically to close to unity. This emphasizes the change in the conduction mechanism of the diamond sheets from the SCLC to ohmic.
C. Annealing studies
Natural diamond has been reported to exhibit electrical resistivity on the order of 10 16 ⍀ cm. On the other hand CVD diamond exhibits a low value of the resistivity ͑on the order of 10 6 ⍀ cm͒. [3] [4] [5] [6] [7] 24 It is also shown that annealing of the films in the inert atmosphere or vacuum decreases the value of 300 by several orders of the magnitude. 24 Here we report the effect of annealing on the 300 of the sheets grown with different deposition conditions. Figure 10͑a͒ shows the I -V characteristics of a typical diamond sheet grown at 20 Torr in different stages of annealing with different annealing temperatures T a . Values of 300 of the sheets decrease with the increase of T a ͓Fig. 10͑b͔͒. Also the n values increase monotonically from 1.7 to 3.5 as the annealing temperatures increases from 400 to 700°C. The maximum change in 300 occurs for T a ϭ700°C. The I -V characteristics measured on a typical diamond sheet, grown at 100 Torr after annealing at different T a , are shown in Fig. 11͑a͒ . Figure 11͑b͒ shows the decrease of conductivity with T a and the maximum change in 300 occurs after 600°C annealing. It may also be noted that n values are nearly constant (nӍ1) with annealing temperature ͓Fig. 11͑a͔͒ in the sheets deposited at 100 Torr. 300 of the sheets grown with 2% methane also decreases by nearly 3 orders of magnitude after annealing at 600°C.
Decrease of conductivity with annealing has been attributed to the depassivation of deep traps by hydrogen. 5, 24 Landtrass and Ravi suggested that the current conduction in polycrystalline diamond films is governed by dissolved hydrogen. 21 Hydrogen passivation of dangling bonds in amorphous silicon, 25 grain boundaries in polycrystalline silicon, 26 donor and acceptor impurities in silicon, 27, 28 and shallow impurities in gallium phosphide 29 are well studied. Hydrogen passivation of deep traps in CVD diamond is studied by many authors. 3, 5, 21, 24, 30 Albin and Watkins investigated the passivation of deep traps in natural diamond and showed that conductivity can be increased by several orders of magnitude by hydrogen plasma treatment. 5 We believe that in the low P d grown sheets the origin of the high value of 300 is the pinning of the Fermi level by acceptor type states close to the valence band edge. Due to annealing removal of hydrogen or its diffusion take place from active sites and deep traps become active. The sheets, therefore, become more resistive after annealing. In the case of higher P d grown sheets the trap density is much larger and the Fermi level is pinned much above the acceptor level. Removal of hydrogen in this case increases trap density further and make the sheets more resistive. A similar mechanism occurs in the sheets grown with 2% methane concentration.
Increase in the values of n upon annealing in the sheets grown at lower P d can be explained with SCLC considering exponential trap distribution. As already mentioned the current conduction in lower P d grown sheets is controlled by SCLC. Within the SCLC region the current density J is given by 14 
JϭeN
where e is electronic charge, is mobility, N v is effective density of states in the valence band edge, B is Boltzmann's constant, N 0 is trap density per unit energy range at the valence band edge, ⑀ is permittivity of the sample, d is thickness of the sample, LϭT t /T, where T t is a temperature parameter characterizing the trap distribution, and T is the room temperature. Trap density at energy E is
͑3͒
Now, concentration of the traps N t can be obtained by performing an integration over the distribution given by Eq. 6.3 assuming an exponential tail to the valence band edge, 32 thus
The increase in the values of n ͑where nϭLϩ1͒ with annealing in the sheets grown at lower P d indicates that N t is increasing. This is understandable due to the fact that annealing at higher temperature results in the abstraction of hydrogen from the traps making them active.
To investigate the effect of hydrogen further, two typical annealed samples were subjected to hydrogen plasma. Figures 12͑a͒ 12͑b͒ show the I -V characteristics of two sheets ͑as grown, annealed, and hydrogenated͒ grown at 20 and 80 Torr, respectively. The sheets were first annealed at 800°C for 2 h and then subjected to hydrogen plasma treatment at 550°C in 10 Torr of H 2 gas. It can be seen that, in the sheets grown at low P d , the loss in the conductivity after annealing FIG. 11 . ͑a͒. I -V characteristics of the undoped diamond sheets deposited at 100 Torr in the as grown state and after annealing at different temperatures T A : 400, 500, 600, and 700°C. The n values for all the curves are nearly one. ͑b͒. Variation of 300 values with annealing temperatures for the sheets deposited at 100 Torr. Maximum change in 300 occurs at 600°C.
is almost completely recovered upon hydrogenation. On the other hand in the high P d grown sheet 300 increases over and above the as grown value by about 1 order of magnitude upon hydrogenation. This implies that the compensation of traps is higher than what atomic hydrogen could passivate during the deposition process supporting our conjecture that the sheets deposited at higher P d contain higher density of traps. Tzeng et al. also found that conductivity of higher resistive films deposited by the oxyacetylene flame technique increases after hydrogenation. 30 It is worth mentioning here that the concentration of bonded hydrogen does not change upon annealing, 33 and therefore it is either weakly bonded hydrogen at grain boundaries or in the interstitial positions that lead to the above changes.
D. Grain boundary effects on conductivity
The influence of the presence of the grain boundaries in polycrystalline and granular semiconducting samples has been discussed in terms of the existence of a potential barrier at the boundaries. The origin of the barrier is attributed to the fact that the structural disorder at the boundaries results in the creation of the depletion region between the grains. 34 The current flow across the boundary can take place either by tunneling or the thermionic emission process. However, the tunneling current can be significant only if the potential barrier is high and narrow. As in polycrystalline diamond samples grown at higher P d the boundaries are not likely to be very sharp, the tunneling current can be ignored. The current across the grain boundaries due to the thermionic emission process is given as
where A 0 is a constant, V B is the barrier height at the boundary, and V a is the applied voltage. Equation ͑5͒ represents exponential relationship between the current density and applied voltage.
In the present case, the grain boundary effects are likely to be more serious in the case of the diamond sheets deposited at higher P d as these samples contain high concentration of impurities at the boundaries. However, the I -V characteristics of the sheets deposited at the above pressure show linear behavior for all ranges of voltages. This is in contrast to Eq. ͑5͒ and hence the grain boundary effects may not be playing a major role in the range of voltages studied.
IV. CONCLUSIONS
To summarize we have performed detailed measurements of the I -V characteristics, 300 values, and annealing effects on the above in the self supported diamond sheets. We can draw the following conclusions from the above study:
SCLCs dominate the current transport in the diamond sheets deposited at lower P d Ͻ40 Torr, perhaps due to the presence of the acceptor type states near the valence band edge.
The values of 300 of the lower P d deposited sheets are high probably due to the pinning of the Fermi level close to the valence band edge.
In contrast the sheets deposited at higher P d show very low values of 300 and their I -V characteristics are linear (nХ1) in a long range of voltages. This suggests that the Fermi level in these samples is pinned much deeper in the band gap. This is attributed to the higher density of the traps in the sheets deposited at higher pressure.
In the sheets deposited at higher P d , the donor types of states may compensate the acceptor type states. Similarly in the sheets deposited with nitrogen flow the compensation of the donor and acceptor type states might be taking place.
In all types of sheets, the annealing results in reduction of 300 by several orders of magnitude. The n values increase significantly in lower P d grown sheets upon annealing. This is explained on the basis of the hydrogen abstraction from FIG. 12 . ͑a͒ I -V characteristics of an undoped sheet grown at 20 Torr after annealing and rehydrogenation. Annealing was done at T A ϭ800°C and rehydrogenation was performed in microwave plasma at 550°C and 10 Torr of H 2 gas. ͑b͒ I -V characteristics of an undoped sheet grown at 80 Torr after annealing and rehydrogenation. Annealing was done at T A ϭ800°C and rehydrogenation was performed in a microwave plasma at 550°C and 10 Torr of H 2 gas. the traps. In sharp contrast the n values remain constant (n Х1) in the sheets deposited at higher P d with annealing.
The treatment of the samples with hydrogen plasma subsequent to annealing restores the values of 300 almost completely in lower P d deposited sheets. In the case of higher P d grown sheets, the value of 300 increases by about 1 order of magnitude over its as grown value.
